Abstract-A wideband bandpass filter based on dual-mode defected ground structure resonator (DGSR) is designed and effectively analysed by utilising the even-/odd-mode theory and equivalent circuit models. The lower and upper cutoff frequencies of the filter can be independently tuned by adjusing the evenand odd-mode resonant frequencies of the dual-mode DGSR, respectively. The fabricated prototype is centred at 2.27 GHz with a wide bandwidth (FBW 63.4 %), low insertion loss (0.386 dB), high selectivity and wide stopband. The attenuation slopes in the lower and upper passband transitions are 108.5 and 136.9 dB/GHz, respectively. The stopband rejection is better than 22 dB up to 6 GHz (2.6 f0).
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I. INTRODUCTION
W IDEBAND bandpass filters (BPFs) with high quality are important in modern wideband RF systems design. Slot line structures not only show competitive design flexibility owing to the two-dimensional topology, but also have some intrinsic advantages, such as compact size, good selectivity and wide stopband, which make them become increasingly popular recently.
As shown in [1] , a fifth-order substrate integrated waveguide BPF with wide bandwidth was realized by cascaded U-shape slots. In [2] , two DGSRs were used to design a wideband BPF with excellent selectivity. But the bandwidth of the cascaded structures was limited to tune flexibly. In [3] and [4] , based on single DGSR, the two BPFs were designed with wide bandwidth and compact size, however, the passband selectivities of the two filters were not high enough. Based on the even-/odd-mode theory, a novel triple-mode DGSR was proposed to build a wideband BPF with high selectivity in [5] , however, the stopband rejection of this filter was relatively low. The novel quad-mode wideband BPF in [6] only had a sharp attenuation slope in the upper passband transition, while the lower passband transition still needs to be improved.
In this letter, a wideband BPF is designed not only with high selectivity but also with flexibly tunable lower and upper cutoff frequencies based on a dual-mode DGSR. A comprehensive equivalent circuit model of the filter is derived to verify the analyses. Even Mode 
18, S 1 = 0.6 and S 2 = 0.8.
II. FILTER CONFIGURATION AND CIRCUIT MODEL

A. Analyses of the Proposed Dual-Mode DGSR
Fig. 1(a) (left) depicts the layout of the proposed dualmode DGSR, which is made up of a folded slot line resonator (FSLR) and a coplanar stepped impedance resonator (CSIR).
The CSIR is connected to the ground by a narrow metallic strip. The equivalent circuit model of the DGSR is given in Fig. 1 (a) (right), where C C models the capacitance between the inner metallic plate and the ground, whose value mainly depends on the circumference of the inner plate and the distance to the ground. L S and L P are the inductances connecting the inner metallic plate to the central inductive path and to the ground, respectively, whose values are directly determined by the width and length of the metallic strips.
Since there is a symmetric plane (a-a ′ ) in the DGSR, the equivalent circuit models of the two modes can be obtained based on even-/odd-mode theory, which are illustrated in Fig. 1(b) . The inductance L P has no effect on the odd-mode operation because plane a-a ′ is a virtual ground under oddmode operation. Then, the two resonant frequencies (f even , f odd ) can be calculated as:
To clearly demonstrate the high tunability of the two resonant modes, transmission responses of the DGSR are analysed under weakly coupling condition on 0.762 mm-thick Rogers RO4350B with ϵ r = 3.48 and tanδ = 0.004 based on the EM-simulator ADS. As Shown in Fig. 2(a) , f even can be independently tuned by adjusting S 1 because L P changes significantly with the variation of S 1 while other parameters 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 nearly remain unchanged. This can also be verified from the current distributions shown in Fig. 2(a) , because there is no current flowing through L P under the odd-mode operation. Fig. 2(a) indicates that a harmonic resonance arises at about 7.7 GHz, which is the 1 st harmonic of the CSIR. To give a more physical insight, the electric fields at the three resonant frequencies are given in Fig. 2(b) . It is clear that the electric fields of the even-and odd-mode along the two sides of a-a ′ are in different directions. Fig. 3 illustrates that the two modes can be simultaneously tuned by adjusting W 1 or L 5 , respectively. When W 1 decreases, decrease of L S is more significant than the increase of C C . As a result, the even-and odd-mode resonances move toward lower and higher frequencies, respectively. When L 5 decreases, the value of L S decreases distinctly, which makes both the even-and odd-mode resonances move towards higher frequencies with the odd-mode moving much faster than the even-mode. 
B. Design of the Dual-Mode Wideband BPF
In this section, a wideband BPF is designed based on the proposed dual-mode DGSR. The topology and equivalent circuit model of the proposed BPF are illustrated in Fig.  4 . On the top side, L 1 /C 1 /C 2 relate to the input/output ports [4] . To improve the passband selectivity, the sourceload coupling is enhanced by using inter-digital microstrip lines (IDMLs), modelled by C S /C u /C P [2] . L 4 /C 4 represent the two open-circuited microstrip stubs, which are bended to realise a broadside coupling from the microstrip feeding lines to the DGSR [7] . From the analyses above, the harmonic resonance would seriously deteriorate the stopband rejection. So two quarter-wavelength (λ/4) embedded open-circuited stubs (EOCSs) are introduced to produce a notch-band around 6 GHz to improve the stopband performance, and they are modelled by series resonators L 5 /C 5 /R. The EOCSs do not require additional PCB space while having little effect on the passband performance since the major part of the electric current flows around the edges of microstrip lines [8] .
The lower and upper cutoff frequencies of the proposed BPF can be flexibly tuned by adjusting the even-and oddmode resonances, respectively. As shown in Fig. 5a , the lower cutoff frequency is tuned by changing S 1 while the oddmode resonance and upper cutoff frequency keep invariant. As shown in Fig. 5b , to adjust the upper cutoff frequency, the odd-mode resonance is tuned by adjusting L 5 and W 1 simultaneously while the lower cutoff frequency is not affected. The two transmission zeros beside the passband (T Z1 , T Z2 ) are produced due to the source-load coupling. These zeros appear when Y ine = Y ino [9] (Y ine and Y ino are the admittances looking into the feeding port under even-and odd- mode operation, respectively), and can be effectively tuned by adjusting IDMLs. The two λ/4 EOCSs produce another two transmission zeros around 6 GHz (T Z4 , T Z5 ), which can be easily tuned by adjusting the length of the EOCSs. This topology also introduces a transmission zero around 4.2 GHz (T Z3 ), which is important to enhance the stopband rejection.
III. EXPERIMENTAL RESULTS AND ANALYSES
A fabricated BPF is measured using Agilent N5244A network analyser. EM-/LC-simulated, measured S-parameters and the group delay of the filter are plotted in Fig. 6(b) , which shows a good agreement between measurements and simulations. The bandwidth discrepancies less than 3 % are mainly attributed to the manufacturing errors and the dielectric constant. The measured centre frequency (f 0 ) is 2.27 GHz with a 3-dB fractional bandwidth (FBW) of 63.4 %. The typical insertion loss (IL) is 0.386 dB, and the return loss (RL) is better than 15 dB within the passband. Lower and upper passband attenuation slopes are 108.5 and 136.9 dB/GHz, respectively. The group delay at f 0 is less than 0.5 ns and its variation within the passband is less than 0.5 ns. Compared with other filters listed in Table I , the proposed dual-mode wideband BPF exhibits competitive advantages. Furthermore, it shows a good stopband up to 6.0 GHz (2.6 f 0 ) with rejection better than 22 dB.
IV. CONCLUSION
This letter presented the design and analyses of a wideband BPF based on a dual-mode DGSR, which has been effectively * Lower/upper skirt is calculated as |αmax| -|α min | / |fz -fc|, where αmax is the attenuation of the first out-of-band transmission zero and α min is the 3 dB attenuation; fz is the frequency of the first out-of-band transmission zero and fc is the 3 dB cutoff frequency. Lower/upper skirt for reported ones is estimated from the figures in the papers.
analysed using the even-/odd-mode theory and equivalent circuit models. The even-and odd-mode resonances of the DGSR can be easily tuned, leading to the flexibly tunable lower and upper cutoff frequencies of the proposed BPF. The fabricated filter has shown competitive performance such as high selectivity, low insertion loss and wide stopband.
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